The ability to precisely control the three-dimensional orientation of micrometer-sized biological samples is critical for its phenotypic investigation. We develop an acoustic wave-based microfluidic device that can be used for the trapping and rotational manipulation of single plant cells. Resonant acoustic excitation of air-filled microbubbles generates localized vortices that can be used for the controlled threedimensional rotation of single cells. We compare the rotational capabilities of microbubble-generated vortices with that of vortices generated by vibration of solid microstructures. We demonstrate the rotational capabilities of the device using single plant cells, the pollen grain.
Introduction
Three-dimensional rotational manipulation is a powerful technique to study single cells and microorganisms as it enables the direct phenotypic comparison of different regions within the same sample. This unique advantage is of interest in biological samples where morphological, biochemical and structural differences are observed inside and on the surface of the sample. Various techniques utilizing hydrodynamic [1] , electric [2] , magnetic [3] , and optical fields [4] have been developed to perform two or three-dimensional (3D) rotational manipulation of single cells, organisms, or microparticles. However, precisely controllable 3D rotation of these entities, i.e. where a single input can be used to tune the angular velocity of the sample, remains challenging. Furthermore, some devices are limited to their use on non-biological samples, requiring complex instrumentation or specific specimen properties [5, 6] . Others lack the ability to locally trap the sample and therefore require additional preparation.
Acoustic waves offer a promising alternative technique for force generation at the microscale and have been widely employed for several applications such as micromixers [7] , acoustic tweezers [8] , switches [9] , micro- [10] and nanoswimmers [11] , microrotors [12] , drug delivery [13, 14] and to perform non-invasive rotational manipulation of small objects and organisms. In 2005, Peri et al. published the inplane rotation of polystyrene latex microsphere packs by acoustically exciting dry silicon oxide surfaces [15] . Nevertheless, the method lacks precise control over the rotational velocity and cannot be directly applied for the manipulation of biological samples. Hayakawa et al. [16] demonstrated the successful use of a planar triad of polydimethylsiloxane (PDMS) micropillars for the in-and out-of-plane rotation of single oocytes, using the whirling flow generated by acoustically exciting the PDMS structures. However, the device is not suitable for larger samples, i.e. a diameter of 110 µm or more, and may be limited to spherical objects. More recently, Ozcelik et al. demonstrates the use of sharp edged features for the in-plane rotational manipulation of HeLa cells. Additionally, they present the out-of-plane rotation of C. elegans by the oscillation of a glass slide [17] . Although the same device can be used to perform both motions, different features are required. Therefore, combining in-plane and out-of-plane rotational manipulation of one sample can get very complex due to the required transport in between the rotational steps and might get even more difficult for variable-sized samples. Other structural design variants such as square-shaped pillars were discussed by Lieu et al. [18] . Nevertheless, it is important to highlight that in such designs, which mainly consist of solid parts, considerably large power may be required to generate vibration of solid features, which can potentially damage the sample.
We demonstrate the controlled in-plane and out-of-plane rotation of Lilium longiflorum pollen grains, an important cellular model in plant biology, using acoustically excited microbubbles. Due to their unique advantages, microbubbles are used in a large variety of research fields including targeted drug delivery [19] and sonoporation [20] . A primary advantage of air bubbles as a tool for specimen manipulation is the low power, which is needed, i.e. low single-digit voltages, for the rotation of the sample. Although the exact power required depends on many different factors, including specimen parameters such as shape, size and weight, the ability to perform experimental tasks at a low power can prevents damage to the specimen. The technique applied in this publication is based on previous work described in Ahmed et al. [21] . Microchannel features can be used for trapping air bubbles within design positioned cavities. By exciting the bubbles at certain frequencies, liquid microstreaming can be generated in the local vicinity. As shown by Manasseh et al., different microstreamings can be achieved, depending on the excited mode of the air bubble [22] . We expand the work by presenting the in-plane and outof-plane rotation of a non-spherical plant specimen and compare the vortex generation of acoustically excited air bubbles to different PDMS features, such as aligned micropillars and symmetrical triangles.
System Design and Sample Preparation

Design and Fabrication of the Experimental Setup
The microfluidic device (Fig. 1a) consists of a single main channel with a width and height of 240 µm and 160 µm, respectively, to ensure unhindered movement of the Lilium longiflorum (Lily) pollen grains. A large number of microcavities (n = 35) are aligned along one side of the main channel (dimensions, width = 60 µm, depth = 80 µm, height = 160 µm). The mold is fabricated using regular single layer photolithography techniques with SU-8 TM and the pattern is transferred into polydimethylsiloxane (PDMS). Inlets are created on both sides of the main channel using a biopsy punch. The PDMS chip is then chemically bonded to standard borosilicate glass by exposing both components to oxygen plasma. Subsequently, a piezoelectric transducer (KPEG-126, Kingstate) is fixed adjacent to the microfluidic channel by two-component epoxy.
During the injection of liquids, such as water or growth medium for the pollen grains, into the microchannel, air bubbles become trapped inside the microcavities due to hydrophilic-hydrophobic interactions (Fig.1b ). These microbubbles can be then excited using acoustic waves generated by the piezoelectric transducer, leading to the formation of vortices in the immediate vicinity. An arbitrary function generator drives the piezo transducer with peak-topeak voltages and frequencies of 1-20 VPP and 15-40 kHz and, respectively.
Preparation of Lilium longiflorum pollen grains
Lilium longiflorum flowers are bought from a local florist. The stamen containing the pollen is cut off and placed in Eppendorf tubes for long time storage at -80°C. Thirty minutes before the experiment, an open Eppendorf tube is placed in an incubation chamber at 24°C to rehydrate the pollen grains. The pollen grains are then collected from the stamen and submerged in growth medium before being injected into the microfluidic device. The growth medium consist of the following components: 160 µM H3BO3, 130 µM Ca(NO3)2, 1 mM KNO3, 5 mM MES and 10% Sucrose. The growth medium shows a viscosity of 1.3 MPa at room temperature. The rehydrated pollen grains are near ellipsoidal in shape with dimensions of the major and minor axis of 112.5 ± 8.9 µm and 92.4 ± 8.5 µm, respectively (n = 40).
Role of the Pollen Grain
Pollen plays an important role in plant reproduction, as it transports the male sperm cells to the female ovules (Fig. 2a) . Lily pollen is often used as a model organism [23, 24] . Pollen is produced in the stamen of flowers, and is transported to the stigma by carriers such as wind, birds or insects. During the external transport stage, called pollination, the pollen grain (Fig. 2b) protects the generative nucleus. On the stigma, the pollen grain rehydrates and unfolds [25] . The surface of the unfolded pollen grain consists of two main regions. While a large part is covered by the rigid exine structure, pollen also show, depending on the species, one or more softer regions called colpi. The rehydration enables the germination of the pollen tube at the colpus [26] . Subsequently, the tip-growing pollen tube transports the sperms cells through the style towards the ovary where they are delivered to the ovules. The investigation of the three-dimensional variation in surface morphology and structural properties of the pollen grains is of interest for phenotyping the cell and its mutants, including such with inhibited expression of certain cell wall polysaccharides.
Acoustofluidic Vortex Generation
The precise rotation and re-orientation of single cells and micro-objects allows for the full investigation of the surface morphology of an individual sample, which can prevent the loss of information due to averaging within samples, which show large variative properties. Additionally, the analysis of the rotational behavior of the sample can provide insight into the weight distribution and subsequently the composition within the sample. Non-invasive acoustofluidic rotational manipulation is achieved by driving a piezoelectric transducer to generate acoustic waves of specific frequencies. The acoustic waves travelling along the glass slide excite microbubbles or PDMS objects enclosed in a microfluidic device, which subsequently leads to the formation of vortices in the nearby liquid.
Vortex Generation via Microbubbles
To visualize the vortices generated by the vibrational motion of the microbubbles, 1µm fluorescent particles (Bangs Laboratories) are injected into the main channel, which simultaneously traps air bubbles in the microcavities along the channel (Fig. 1b) . When the piezoelectric transducer fixed near the microfluidic device is excited, the microbubbles oscillate. The oscillation amplitude of the bubbles becomes maximum when the bubble is excited at its resonances. We can excite multiple modes of the bubble oscillation by tuning the excitation acoustic frequency. Different modes of bubble oscillations lead to the various fluid flow pattern near the bubble. The fluid flow of liquid near the bubble is also known as microstreaming. Fig. 1c shows a microscope image of two counter-rotating in-plane vortices generated by the movement of the excited microbubble. By tuning the applied frequency and voltage of the excitation signal, the strength as well as the shape of the microstreaming can be altered, eventually leading to the formation of out-of-plane vortices near the air bubble, as shown later with the rotation of the single plant cell. Marmottant et al. described the Reynolds number for an oscillating microbubble as a function of the amplitude of the oscillation bubble ε, its radius a, the oscillation frequency f and the kinetic viscosity of the surrounding liquid ν: [27] 1/2 2 2 2 Re 0.1 fa a
We can therefore estimate laminar flow, as the calculated Reynolds number for the oscillating bubble is less than 1 while at the same time much larger than for the induced microstreaming.
Resonant microbubble actuation can generate strong vortices at relative low voltages, reducing potential damage to the manipulated cell or organism. Additionally, due to their low quality factor [10] and resulting wide resonance bandwidth, their modal frequencies can be easily detected. However, a drawback of microbubbles is they enlarge over time, which eventually shifts the resonance frequency of the bubble.
Vortex Generation via Solid Structures
Although both in-plane and out-of-plane vortices can be generated using microbubbles, they are disadvantageous since the bubble size grows over time, which changes the corresponding resonance frequencies. Therefore, we discuss the applicability of solid PDMS-based structures as resonating elements, which may substitute the air-filled microbubble. Fig. 3a shows a scanning electron microscope image of PDMS pillars aligned along the main channel. The developed microstreaming produced by acoustically exciting the pillars can be found in Fig. 3b and is visualized with fluorescent microbeads. The pillars have a diameter and height of 30 µm and 160 µm, respectively. The features in Fig. 3a were damaged during their preparation. However, the black dots which indicate the bonding between the pillars and the glass slide in Fig. 3b , show that the tested sample was faultless. Strong in-plane vortices are formed, but the power required, i.e. 15 VPP, is much higher than with the use of a microbubble, and could lead to possible damaging of the sample. Additionally, we are not successful in finding the vibrational modes that can generate out-of-plane vortices under the current micropillars arrangement. We also show in-plane vortices produced by triangular microstructures that are positioned opposite to each other, as shown in Fig. 3c . Although the feature has sharp tips, a large voltage of 14 VPP is required to develop the microstreaming presented in Fig.  3d . Additionally, the microchannel needs to be flushed with IPA to inhibits microbubble trapping. For the PDMS pillars, additional modal resonances could not be tuned for the formation of out-of-plane vortices. As the generation of temporally stable in-plane and out-of-plane microstreaming is necessary for a rotational microfluidic chip, we designed structures that can sustain microbubble stability over a longer time period. A scanning electron microscope image of the PDMS feature can be seen in Fig. 3e . Small chambers, in which air is enclosed during the bonding process, are situated along the microchannel. By reducing the thickness of the polydimethylsiloxane boundaries, the resonant effect of the excited microbubble can be improved, leading to the generation of vortices in the liquid nearby. Simultaneously, the enclosing walls prevent the expansion of the air bubble. Fig. 3f shows an out-of-plane microstreaming produced by driving the piezoelectric transducer at a frequency and voltage of 21.4 kHz and 20 VPP, respectively. The features have outer dimensions of 150 µm, 55 µm and 160 µm in width, depth and height, respectively, and a wall thickness of 25 µm. As for the other solid structures, i.e. the PDMS-based-pillars and triangles, high voltages are needed to generate the vortices. Additionally, the current design requires a prior IPA flush to prevent the formation of microbubbles. However, a re-design as well as an optimization of the fabrication process can lead to a significant improvement of these drawbacks and thereby provides an alternative for the relatively short-dated microbubble.
Rotation of Lilium longiflorum Pollen Grains
Rehydrated pollen grains are submerged in growth medium before being injected into the microchannel, where simultaneously microbubbles are created within the sidewall cavities due to hydrophilic/ hydrophobic interactions. The transducer is then excited at a frequency between 15 and 25 kHz to trap the plant cells near the oscillating microbubbles due to the primary acoustic radiation force. Fig. 4a shows the stable in-plane rotation of a Lily pollen grain. Although the in-plane rotation of the sample is of ancillary importance for the investigation of the surface structure, it can be used to reposition the cell for microinjections or micromechanical investigations. The out-of-plane rotation of a Lilium longiflorum pollen grain is presented in the image sequence of Fig. 4b . The slow and stable out-of-plane rotation is achieved by driving the piezoelectric transducer at 5 VPP.
The voltage applied to the transducer can be directly correlated to the angular velocity of the rotating plant cell, i.e. a higher voltage leads to a faster rotation. On the other hand, we can tune the applied frequency to change the shape of the microstreaming, which can eventually control the mode of the specimen's motion, i.e. from in-plane to out-of-plane rotation and vice versa.
Conclusion
We successfully demonstrated non-invasive trapping and the controlled in-and out-of-plane rotational manipulation of Lilium longiflorum pollen grains using acoustically excited microbubbles. The microfluidic device can be used for the surface investigation of single cells and organisms. Furthermore, we presented the vortex generation of different PDMS-based structures and compared the microstreaming to that of the oscillating microbubble. Future optimizations of the "enclosed-bubble" can lead to a significant improvement of the temporal-stability and long-time controllability.
